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SYSTEM AND METHOD FOR ADAPTIVE RF
ABLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 61/417,629 filed on Nov. 29, 2010.

Cross-reference 1s hereby made to the commonly-as-
signed related U.S. application Ser. No. 13/096,255, entitled
“System and Method for Adaptive RF Ablation™ filed con-
currently herewith and incorporated herein by reference 1n
it’s entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

N/A

FIELD OF THE INVENTION

The present invention relates to medical systems and
methods for ablation of tissue, including cardiac tissue.

BACKGROUND

Medical procedures are used to treat a variety of cardio-
vascular defects, such as cardiac arrhythmias, atrial fibril-
lation, and other irregularities in the transmission of elec-

trical impulses through the heart. Such medical procedures
may 1nvolve ablation of the specific tissue that cause or
transmit the 1rregular electrical impulses, e.g., creating
lesions or other anatomical effects that disrupt or block
clectrical pathways through the targeted tissue so as to allow
the other tissues to function properly. In the treatment of
cardiac arrhythmias for example, a specific area of cardiac
tissue having aberrant electrical activity (e.g. focal trigger,
slow conduction, excessively rapid repolarization, fraction-
ated electrogram, etc.) may be identified first and then
treated.

One example of a type of ablation system involves the
delivery of radiofrequency (“RF”) energy to the tissue
selected for treatment. RF ablation systems may include a
power source or RF generator, and one or more medical
devices having at least one ablation element or electrode
coupled to the power source. The medical device may be a
flexible catheter having a handle at a proximal end and an
ablation electrode near a distal end, or may have an array of
clectrodes which may be configured on one or more carrier
arms. Examples of an RF generator and medical ablation
catheters having various configurations are illustrated in
FIGS. 1-7. One or more sensors may also be provided, such
as a temperature sensor, thermocouple, or a sensor for
another parameter (such as contact assessment, pressure,
etc.), which may be arranged at or near the ablation elec-
trodes. The sensors may be placed near to one or more of the
ablating surface of each electrode, or at the interface
between the electrode and the tissue to be treated. Such a
system may also include one or more external electrodes
touching the skin of the patient, which may be called
“indifferent” electrodes, also coupled to the power source.
After mapping and diagnosing the electrical irregularities, a
physician may decide to treat the patient by ablating cardiac
tissue. FIG. 8 shows a stylized depiction of an ablation
system 1n use during a medical treatment of the heart of a
patient.
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It 1s desirable to enable and ensure continuous contact
during an ablation procedure between each ablation element
or electrode and the corresponding selected tissue. It 1s also
desirable to maintain a constant electrode temperature dur-
ing the ablation, at a value sufliciently high to ensure that
lesions are created, but not so high that there 1s a risk of
charring and coagulum formation. Feedback controllers that
are responsive to a temperature measured at or near the
clectrodes may be employed to maintain electrode tempera-
ture. Sometimes the tissue selected for treatment may be
moving, such as for example cardiac tissue of a beating
heart, or during the movements associated with respiration.

During such movement, one or more ablation elements
may lose contact or be in only mtermittent contact with the
tissue. When tissue contact 1s lost, the temperature of the
ablation element will ordinarily decrease. In response, it 1s
possible that a feedback controller of an ablation system
may temporarily increase power output from the power
source. Such a response may be an undesirable reaction to
the temperature feedback signal, since the decreased tem-
perature 1s caused by the loss of firm and continuous tissue
contact, and not due to a change in the ablation conditions
that would require additional power supplied to the ablation
clements.

To provide more eflective, sale and eflicient medical
treatments, 1t 1s desirable to optimize the ablation system and
method of use to avoid excessive local heat which may cause
the formation of coagulum. It 1s also desirable to monitor
and recognize the level and character of contact by an
ablation element with the corresponding tissue to be treated,
and respond accordingly.

SUMMARY OF THE INVENTION

The present invention advantageously provides a medical
device, system, and method for treating a patient by deliv-
ering energy to ablate tissue. The energy may be reduced
during periods when an ablation element 1s not 1n contact, or
has intermittent contact, with the tissue. In particular, a
medical method 1s provided, including advancing an abla-
tion element of a medical device 1nto contact with tissue to
be treated, selecting a power level of energy to ablate the
tissue, delivering energy at the selected power level to the
ablation element, determining whether the ablation element
1s 1 continuous contact with the tissue, and reducing or
maintaining the selected power level when the ablation
clement ceases to be 1n continuous contact with the tissue.
In a particular example, power may be provided to one or
more ablation elements or electrodes until the electrode
reaches a target temperature. The subsequent power delivery
1s then limited to the power delivery characteristics (e.g.,
such as duty cycle) that resulted in reaching the target
temperature. In other words, the delivered power character-
1stics that resulted in the attained target temperature are set
as a threshold for subsequent power delivery during the
treatment. If the temperature of the electrode later drops
below the previously-attained target temperature under the
same or substantially similar power delivery conditions, an
alert may be generated indicating that the electrode has lost
suflicient contact with the target tissue.

A medical system 1s also provided, including a medical
device having an ablation electrode, and a source of RF
energy coupled to the ablation element, the source having a
duty cycle, and having a variable power output, wherein the
source of RF energy has a duty cycle with a base period
between approximately 5 ms and approximately 20 ms.
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A medical system 1s also provided, including a medical
device having an ablation electrode and a temperature
sensor, a source of RF energy 1n electrical communication
with the ablation element, the source having a variable
power output with a duty cycle of selectable duration within
a base frequency, and a proportional-integral-derivative con-
troller coupled to the temperature sensor and the source of
RF energy, wherein the integral portion of the controller has
a period at least equal to the duration of a heartbeat.

A medical method 1s also provided, including advancing
an electrode of a medical device into contact with tissue to
be treated, monitoring a temperature of the electrode, select-
ing a desired temperature and a threshold vanation, deliv-
ering energy to the electrode, calculating an average tem-
perature of the electrode, calculating a difference between
the temperature and the average temperature, calculating a
continuity value by subtracting the difference from the
desired temperature, and reducing the desired temperature
when the continuity value exceeds the threshold vanation.

A medical method 1s also provided, including advancing
an electrode of a medical device into contact with tissue to
be treated, monitoring a temperature of the electrode, select-
ing a desired temperature and a threshold value, delivering
energy at a duty cycle value associated with the temperature
threshold to the electrode, setting a duty cycle limit equal to

an mitial duty cycle value, limiting the energy to a maximum
of the duty cycle limit when the temperature value exceeds

the threshold.

A medical method 1s also provided, including advancing
an electrode of a medical device 1nto contact with tissue to
be treated, selecting a desired maximum power, delivering,
energy from a power source at a duty cycle value to the
clectrode, monitoring power produced by the power source,
calculating average power produced by the power source,
limiting the average power to the desired maximum power,
setting a maximum duty cycle equal to the current duty cycle
value when the power 1s at least equal to the desired
maximum power, and thereafter limiting the duty cycle
value to the maximum duty cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention,
and the attendant advantages and features thereof, will be
more readily understood by reference to the following
detailed description when considered in conjunction with the
accompanying drawings, wherein:

FIG. 1 1s an illustration of an exemplary medical radioi-
requency signal generator constructed in accordance with
the principles of the present invention;

FIG. 2 1s an 1llustration of an exemplary medical device
constructed in accordance with the principles of the present
imnvention;

FIG. 3 1s an 1illustration of another exemplary medical
device constructed 1n accordance with the principles of the
present ivention;

FIG. 4 1s an illustration of a portion of the medical device
of FIG. 3;

FIG. 5 1s an 1llustration of a portion of the medical device
of FIG. 3;

FIG. 6 1s an illustration of another exemplary medical
device constructed in accordance with the principles of the
present mvention;

FI1G. 7 1s an illustration of yet another exemplary medical
device constructed in accordance with the principles of the
present mvention;
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4

FIG. 8 1s an illustration of an exemplary medical device
during a medical procedure;

FIG. 9 1s a flow chart of a medical method of use of the
medical devices of FIGS. 1-8 1n accordance with the prin-
ciples of the present invention;

FIG. 9A 1s an 1illustration of an exemplary duty cycle of
a pOWer source;

FIG. 10 1s another flow chart of a medical method of use
of the medical systems of FIGS. 1-8 in accordance with the
principles of the present invention;

FIG. 11 1s a graph illustrating exemplary parameters
during the medical method of FIG. 10;

FIG. 12 1s a graph illustrating exemplary parameters
during the medical method of FIG. 10;

FIG. 13 1s a graph illustrating exemplary parameters
during the medical method of FIG. 10;

FIG. 14 1s another flow chart of a medical method of use
of the medical systems of FIGS. 1-8 in accordance with the
principles of the present invention;

FIG. 15 1s a graph illustrating exemplary parameters
during the medical method of FIG. 14;

FIG. 16 1s a graph illustrating exemplary parameters
during the medical method of FIG. 14;

FIG. 17 1s a graph illustrating exemplary parameters
during the medical method of FIG. 14; and

FIG. 18 1s a graph illustrating exemplary parameters
during the medical method of FIG. 14.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

—

T'he present invention provides medical devices, systems
and methods of use thereof for treating a patient, which may
include ablating one or more selected tissue regions and
providing a feedback or monitoring mechanism for deter-
mining whether an ablation device or element 1s in continu-
ous contact with the selected tissue, and modifying the
operation of the device accordingly. Referring now to the
drawings in which like reference designators refer to like
clements, there 1s shown 1n FIG. 1 an exemplary embodi-
ment of a power source such as for example an RF generator
constructed 1n accordance with the principles of the present
invention, designated generally as 10. Of note, the device
components have been represented where appropriate by
conventional symbols 1n the drawings, showing only those
specific details that are pertinent to understanding the
embodiments of the present mvention so as not to obscure
the disclosure with details that will be readily apparent to
those of ordinary skill in the art having the benefit of the
description herein. Moreover, while certain embodiments or
figures described herein may illustrate features not expressly
indicated on other figures or embodiments, it 1s understood
that the features and components of the system and devices
disclosed herein may be included in a variety of different
combinations or configurations without departing from the
scope and spirit of the invention.

As shown 1n FIG. 1, the power source 10 may generally
include a display or monitor, a console, operating controls,
and couplings for connection to one or more medical
devices, one or more patient return or “indifferent” elec-
trodes, an ECG, a power cable, and/or other operating
equipment. The power source 10 may have electronic cir-
cuitry to produce the desired ablation energy, to deliver 1t to
the ablation elements of a medical device, to obtain feedback
information or parameters from other sensors, and to oper-
ate, adjust, modulate or cease providing the ablation energy
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during a medical treatment of a patient, as well as to display
or otherwise inform the physician.

Generally, the power source 10 may be operated in
various modes which may be selected by the physician. For
example, ablation energy may be supplied to one or more
ablation elements 1n a bipolar mode, a unipolar mode, or a
combination bipolar and unipolar mode. A unipolar mode of
operation 1nvolves delivering energy between one or more
ablation elements on a medical device and one or more
patient return elements touching the skin of the patient. A
bipolar mode of operation nvolves delivering energy
between at least two ablation elements on a medical device.
And a combination mode of operation mvolves delivering
energy in both bipolar and unipolar modes simultaneously
and/or intermittently. When in a combination mode of
operation, 1t may be possible to select various ratios of
activity or ablation energy among the bipolar and unipolar
modes, including for example ratios such as 1:1, 2:1, or 4:1
(bipolar:unipolar).

The medical devices coupled to the power source 10 may
be catheters or surgical probes, including for example an
clectrophysiology catheter having diagnostic and/or treat-
ment components positionable at or near a target tissue
region. For example, the medical device 12 illustrated in
FIG. 2 may have a shape and dimensions to reach various
treatments sites, such as intraluminal access to vascular
anatomy, including for example transseptal access to the left
atrtum of a patient’s heart for subsequent treatment or
ablation. The medical device 12 may generally define an
clongated, flexible catheter body 14 having a distal treat-
ment assembly 16, as well as a handle assembly 18 at or near
a proximal end of the catheter body. The distal treatment
assembly 16 may, for example, include one or more ablation
clements such as electrodes 20, each of which may be
clectrically coupled to the power source 10. The distal
treatment assembly 16 of the medical device 12 has a linear
shape, with a plurality of ablation elements or electrodes 20.
The shait may be both flexible and resilient, with suthicient
column strength facilitating steady contact with tissue. This
improves signal fidelity in diagnosing contacted tissue as
well as improve therapeutic thermal exchange between the
device and contacted tissue. The proximal handle assembly
18 has a rotational actuator 22 for manipulating, bending,
steering and/or reshaping the distal treatment assembly 1nto
various desired shapes, curves, etc.

FIGS. 3-5 show a medical device or ablation catheter 24
with a catheter shaft and a distal treatment assembly 26 with
compound carrier arms which may be resilient, so that 1n a
deployed configuration the electrodes 28 have a generally
planar arrangement. Similar to the medical device of FIG. 2,
the distal treatment assembly 26 may be used for bipolar
ablation, monopolar ablation, or a combination thereof. A
proximal handle 30 has a rotational actuator 32 for manipu-
lating a distal portion of the ablation catheter, and a linear
actuator 34. The linear actuator 32 can advance the distal
treatment assembly 26 distally beyond the catheter shaft,
and retract the distal treatment assembly 26 proximally
inside the catheter shaft. When the distal treatment assembly
26 1s advanced distally, 1t may resiliently expand from a
compressed arrangement inside the catheter shaft to the
deployed arrangement shown in FIGS. 4 and 5.

A distal treatment assembly portion of a medical device or
catheter 36 shown in FIG. 6 has a resilient framework of
carrier arms 38, in which the electrodes 40 have a proxi-
mally-directed configuration, which may for example be
used for transseptal treatments of a patient’s heart. Another
distal treatment assembly portion of a medical device or
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catheter 42 1s depicted 1n FIG. 7, which has a distal treatment
assembly having a deployed configuration in which the
clectrodes 44 have an adjustable linear, planar, or spiral
configuration.

An indifferent or patient return electrode 46 may also be
provided, as shown 1n FIG. 8 during an exemplary treatment
of a patient’s heart. The patient return electrode 46 may
include a conductive pad having a greater surface area than
the electrodes. The patient return electrode may be external
to the patient, for example 1n contact with the patient’s skin
through an adhesive attachment to the back of the patient,
and may be operably coupled to an ECG interface unit
and/or directly to the power source or RF generator.

Accordingly, medical systems and devices may be used to
investigate and treat aberrant electrical impulses or signals
in a selected tissue region, such as for example 1n the cardiac
tissues of a patient’s heart. A distal treatment assembly of a
medical device may be advanced through the patient’s
vasculature via the femoral artery or other access route and
along a previously mnserted guidewire. The distal treatment
assembly may then be advanced, for example, into the right
atrium and into proximity of a pulmonary vein.

Power sources such as RF generators may produce power
according to a duty cycle, an example of which 1s shown 1n
FIG. 9A. A duty cycle 1s periodic, and may be calculated as
the fraction of time that a system (such as a power source)
1S 1n an active state, as opposed to an 1nactive state. For
example, the duty cycle may equal a time that the power
source 1s active divided by the period of the function or
operation of the power source. The duty cycle may vary or
be adjusted many times during the course of a single
procedure, based on temperature and impedance feedback
from the site or local area of the ablation element or array.
Other means of controlling the power output are possible as
well, including varying the voltage output of the RF gen-
erator.

Sensors on the medical device may provide feedback to
the system which can be used to control the power source
and provide a safe and eflective ablation. In other words, the
ablation system may continuously monitor the power source
and the local conditions near each ablation element, modu-
lating operation of the power source accordingly. One
example of a control system 1s a proportional-integral-
derivative (“PID”) controller, which 1s a control algorithm
using a feedback loop that calculates a difference between
the process variable, 1.e., the current conditions, properties,
or feedback, and a desired goal value or setpoint. This
difference may be called a gap value or error signal. The
controller then adjusts the power source operation, which
may 1nclude the duty cycle, to minimize the value of the
error signal or gap value between the process variable and
the setpoint. The PID controller may use a software program
or algorithm to evaluate three separate parameters, the
proportional, integral, and derivative values. The propor-
tional value 1s based on the current error signal times a
proportional gain, the integral value 1s based on the sum of
recent error signals times an integral gain, and the derivative
value 1s based on the rate at which error signal has been
changing, times a dernivative gain. The controller output 1s
the sum of the proportional, integral, and derivative values.
In addition, the integral term of the controller has a param-
cter, called the integral period, that determines the length of
time for which the past error signals are summed or inte-
grated. An integral period of suflicient duration allows the
controller to act as a low-pass filter, rejecting high-frequency
signals that would otherwise cause undesirable variations 1n
the output of the controller. If the integral and derivative
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gain values are both zero, the controller’s output depends
only on the proportional gain times the error signal. This 1s
called proportional or P-control. If the denivative gain 1is
zero, and the proportional and integral gains are non-zero,
then the controller 1s called a P-I controller.

In the case of a medical method 1n which the power source
1s an RF generator, and in which a medical device has an
ablation electrode, a power level may be selected including
the selection of a desired maximum power. The power
source may deliver energy at variable levels controlled by
using a duty cycle as shown i FIG. 9A. The source of
energy coupled to the ablation element thus has a duty cycle
ol selectable duration within a base frequency. In other
words, the duty cycle 1s the fraction of T, the time when the
power source 1s active, divided by T, the period of the duty
cycle. This variable duty cycle produces a selectable or
variable power output. To avoid generation ol coagulum
during an ablation procedure, it may be suitable to increase
the fidelity of the power control system by reducing the
wavelength or base frequency. Such a lower base frequency
may result 1n better control of the power source, and may
improve heat dissipation from the ablation element. The
shorter duty cycle base frequency means each instance 1n
which an RF ablation system generates energy and associ-
ated heat has a shorter active period. Such a shorter active
pertod allows heat to dissipate more effectively through
conduction, convention, or fluid flow 1including a liquid such
as blood flow. A corresponding increase 1n thermal dissipa-
tion reduces a possible opportunity for coagulum to form. In
a specific example, an RF generator may generally have a
duty cycle with a base period of approximately 15-20 ms,
with a particular example being 17.6 ms, which may be
reduced to approximately half of that amount at 7.5-10 ms,
with a particular example being 8.8 ms. In other words, the
period of the duty cycle may be reduced to a time of at most
10 ms, for example. Such a shorter duty cycle period results
in shorter activation times, which provides more eflicient
heat dissipation, as well as greater fidelity 1n control and
responsiveness during operation of the RF generator.

A medical system may include a medical device having an
ablation element and a feedback sensor, a source of energy
having variable power output, and a proportional-integral-
derivative (“PID”) controller. The energy source 1s opera-
tively coupled with the ablation element and feedback
sensor. The PID controller 1s coupled to the feedback sensor
and the source of energy, and the parameters of the PID
controller may be selected to reduce a possibility of coagu-
lum.

A medical system may have a medical device with an
ablation element and a feedback sensor, a source of energy
having a variable power output which 1s i operative com-
munication with the ablation element and feedback sensor,
and a proportional-integral-derivative (“PID”) controller
coupled to the feedback sensor and the source of energy, the
parameters of the PID controller may be selected to reduce
a possibility of coagulum. A goal may be set for operation
of the ablation element, which may for example be a
selected temperature, and which 1s adjusted over time during
the course of a medical treatment. The feedback sensor
provides mformation as to current or instantaneous condi-
tions at or near the ablation element. If there 1s a difference
between the goal or desired conditions and the actual
conditions observed by the feedback sensor, the controller
attempts to mimmize this difference. Accordingly, the pro-
portional, integral, and derivative parameters may be inde-
pendently adjusted or tuned for performance, accuracy, and
responsiveness. For example, given a current difference
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between desired and actual conditions, and a series of
difference observations over time, the proportional param-
cter may correspond to the present or instantaneous difler-
ence, the integral parameter may correspond to an aggregate
ol past diflerences observed over time, and the derivative
parameter may correspond to a prediction of future differ-
ences based on a current rate of change 1n the difference
between desired and observed values. A weighted combina-
tion of these three parameters may be used to adjust the

power source, during the course of an ablation medical
treatment.

In a particular example of an ablation system for treat-
ment of cardiac tissues, the integral parameter of a PID
controller may be selected to have a longer period, for
example at least equal to the duration of a heartbeat. Such a
longer period for the integration parameter of a PID con-
troller may slow down the response of controller to momen-
tary oscillations, and may reduce or avoid tracking or
chasing of the power source to fluctuations in feedback
observations of local conditions. Accordingly, local condi-
tions at an interface between the ablation element and the
tissue to be treated may experience fewer sudden changes,
and of lesser magnitude. In the case of a temperature sensor,
a longer integral period may avoid temperature oscillations
caused by motion, such as the movement of cardiac tissue
during a heartbeat.

In an exemplary use of a medical system as 1llustrated 1n
the flow diagram of FIG. 9, the medical system 1s first
prepared for ablation, and the ablation system 1s set up. One
or more ablation elements are placed 1n contact with tissue
to be treated. Various ablation parameters are determined,
which may include for example the mtended duration of
ablation, desired power, and/or desired temperature. A
power level of energy to ablate tissue 1s selected, and energy
1s delivered at the selected power level to the ablation
clement. The medical system continuously momnitors feed-
back information from the ablation element and evaluates
whether the ablation element 1s 1n continuous contact with
the tissue, using one or more of the techniques described
below. If the ablation element 1s not 1n continuous contact
with the tissue, the power level 1s prevented from increasing
(e.g., etther decreased or maintained). If the ablation 1s
complete, the medical system stops delivering energy.

During a particular medical method, a power source may
be coupled to a medical device having at least one ablation
clement such as for example an electrode. The ablation
clement of the medical device may be advanced into contact
with tissue to be treated. The physician may then observe
various parameters, mcluding for example a cardiac pulse
wavelorm, imndividual or aggregate electrical signals from
the ablation elements, confirming positioning of the distal
treatment assembly, and setting various parameters on the
power source. A power level of energy may be selected to
ablate the tissue. Upon activation by the physician, the
power source begins delivering energy at the selected power
level to the ablation element or elements. During activation,
the electronic circuitry and/or processor of the power source
monitors the feedback information provided by the medical
device, which may include temperature information. Based
on the feedback information, the system may determine
whether an ablation element 1s 1n continuous contact, or has
lost contact, or 1s 1n intermittent contact with the tissue. That
1s, the power delivery as set by the duty cycle 1s limited by
algorithm when the power delivery 1s associated with a
targeted temperature. When an ablation element ceases to be
in continuous contact with the tissue, the system may
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respond appropriately, which may include reducing or main-
taining the power level of the power source.

One possible indicator of lost or mtermittent contact 1s
that the temperature of an ablation element may drop, as
compared to an average of recent temperatures. In other
words, when the current or instantancous temperature
diverges from the average temperature, 1t may indicate the
ablation element 1s no longer 1n continuous contact with the
tissue. A medical method may include advancing an elec-
trode of a medical device into contact with tissue to be
treated, monitoring a temperature of the electrode by mea-
suring instantaneous temperature, and calculating an aver-
age temperature of the electrode. A desired temperature and
a threshold variation may be selected, and energy delivered
to the electrode. The method may further include calculating
a difference between the instantaneous temperature and the
average temperature, and a delta value may be calculated by
subtracting the difference from the desired temperature.
Reducing the selected power level may be performed by
reducing the desired temperature. The desired temperature
may be reduced when the continuity value exceeds the
threshold varniation. In addition, a medical method may also
include selecting an increment (e.g., a pre-determined tem-
perature or power amount or factor) by which the power may
be reduced. A reduction value may be calculated by multi-
plying the continuity value and the increment. Then the
desired temperature may be reduced specifically by subtract-
ing the reduction value from the desired temperature.

After an indication that the ablation element 1s not 1n
continuous contact with the tissue, and a corresponding
reduction of power level of energy from the power source,
the medical system may continue to gather feedback infor-
mation and evaluate whether the ablation element has
regained continuous contact with the tissue. Upon determin-
ing that the ablation element has regained continuous con-
tact, the medical device may respond appropnately, includ-
ing increasing the selected power level of the power source.
Accordingly, when the continuity value falls below the
threshold vanation, indicating the ablation element 1s again
in continuous contact with the tissue, the desired tempera-
ture may thereafter be increased.

A particular example 1s 1llustrated i FIG. 10, relating to
RF ablation of cardiac tissue. A threshold variation may be
selected which 1s small enough to provide a rapid response
to non-continuous contact, yet avoid unnecessarily frequent
adjustments. An increment may be selected which 1s small
enough to provide responsive control of the ablation pro-
cess, yet which 1s large enough to adjust the power level 1f
the ablation element has lost continuous contact. Any suit-
able threshold variation and increment may be selected. In
the particular example of FIG. 10, the threshold variation
has been selected as approximately 5 degrees, and the
increment 1s approximately 1 degree. An example graph 1s
shown 1n FIG. 11, 1n which the instantaneous temperature
oscillates, the average temperature rises to maintain a rela-
tively steady temperature ol approximately 50 degrees, and
an 1nitial temperature goal has been set by an operator at 60
degrees. When the instantaneous temperature exceeds the
average temperature by more than the threshold variation,
the system concludes the ablation element has intermittent
contact and automatically lowers the target temperature.
Accordingly, peaks of current temperature may be con-
trolled to magnitudes within the threshold variation.

A decay or delay interval may also be selected, such that
a subsequent increase i power level 1s performed only after
the ablation element has continuous contact with the tissue
for a time at least equal to the delay interval. In some
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situations 1f the mstantaneous temperature experiences large
or consistent fluctuation, 1t may momentarily dip below the
threshold variation, yet soon or immediately rise above the
threshold vanation again. Using a delay interval may have
the benefit of waiting a designated time period before
allowing the temperature goal to reset, resulting in a more
stable power control system. As a particular example, the
delay interval may be selected at approximately 3 seconds.

In a medical device having a plurality of ablation ele-
ments, the processes of delivering energy to and monitoring
teedback from the ablation element, determining whether
the ablation element has ceased to be 1 continuous contact
with the tissue, and reducing the power level of the power
source may be performed individually with respect to each
ablation element.

FIGS. 12 and 13 show comparative graphs of another
specific example system, 1n which FIG. 12 1llustrates tem-
perature feedback having relatively large and consistent
oscillation, using a power control algorithm to respond
accordingly. This response 1s indicated by the corresponding
oscillating power curve, so as to maintain maximum tems-
peratures within a threshold variation of a temperature goal.
In this particular example, the threshold variation has been
selected at 5 degrees, and the temperature goal at 60 degrees.
In a contrasting example of temperature feedback having
relatively little oscillation as shown 1n FIG. 13, the same
power control algorithm applies more subtle control to
maintain the desired temperatures and optimize ablation
performance.

With reference to FIGS. 14-18, a medical method may
also include advancing an electrode of a medical device into
contact with tissue to be treated. A desired temperature and
a threshold temperature value may be selected. Energy 1s
delivered from a power source at a duty cycle value to the
clectrode. Power produced by the power source may be
monitored, as well as a temperature of the electrode. A duty
cycle limit may be set equal to an 1mitial duty cycle value,
and energy 1s limited to a maximum duty cycle limit when
the measured temperature exceeds the threshold tempera-
ture.

With reference to FIG. 14 and a particular example of an
RF ablation generator with power output modulated by duty
cycle, a sensor may be provided such as a temperature
sensor which 1s near or touching an ablation element or an
interface between the ablation element and the tissue. A
desired temperature may be selected, ablation may begin,
and a temperature of the ablation element may be monitored.
If the temperature 1s not at least equal to the desired
temperature, the current duty cycle may be stored in memory
as a maximum limit of the duty cycle. I the temperature
exceeds the temperature threshold, then 1t may be concluded
the ablation element has contacted the tissue to be treated,
and the control system may allow the duty cycle to adjust
above the current duty cycle limit. However, 1f the tempera-
ture 1s below the temperature threshold, then it may be
concluded the ablation element 1s not in contact with the
tissue to be treated, and the control system may continue to
limit the duty cycle to, at most, the current duty cycle limiat.
Operation according to this particular example 1s 1llustrated
in FIG. 15, showing a duty cycle being limited i1n the
horizontal portions of the duty cycle graph.

Specific examples of data recorded during operation of an
example system are shown in FIGS. 16-18. In particular,
FIG. 16 1llustrates a scenario in which an ablation element
has continuous contact with the selected tissue for approxi-
mately 20 seconds, followed by no contact with the tissue.
The temperature nitially ascends above a previously
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selected threshold temperature of 50 degrees and maintains

at approximately a desired temperature of 60 degrees. Of

course, the threshold temperature and desired temperature
may be selected to have any suitable or preferred magni-
tudes. After 20 seconds, the temperature descends to below
40 degrees, and the algorithm recognmizes that the electrode
or ablation element has lost continuous contact with the
tissue. The algorithm accordingly limits the duty cycle of the
power source thereafter.

Another specific example 1s shown in FIG. 17, depicting
a scenario 1 which an ablation element has continuous
contact with the selected tissue for the duration, with a
momentary adjustment in contact after 20 seconds. The
temperature 1nitially rises above a previously selected
threshold temperature of 50 degrees and maintains at
approximately the desired temperature of 60 degrees. After
20 seconds, the temperature falls slightly but remains above
the previously selected threshold temperature of 50 degrees.
The algorithm recognizes that the ablation element 1s not 1n
continuous contact with the tissue. The algorithm accord-
ingly allows the duty cycle to increase and optimize the
ablation.

FIG. 18 shows a specific example similar to FIG. 17, in
which an ablation element has continuous contact with the
selected tissue for the duration, with a momentary adjust-
ment 1n contact after 20 seconds. However, after 20 seconds
the temperature falls below the selected threshold tempera-
ture of 50 degrees. The algorithm accordingly limits the duty
cycle until the temperature again rises above the selected
threshold temperature, thereafter allowing the duty cycle to
Increase.

Alternatively, a medical method may also be provided 1n
which a maximum power amount 1s used to limit the average
power, as well as the instantaneous power. An electrode may
be advanced into contact with tissue to be treated, and a
desired maximum power selected. Energy may be delivered
from a power source at a duty cycle value to the electrode.
Power produced by the power source 1s monitored, and
average power produced by the power source 1s calculated.
The average power 1s limited to the desired maximum
power. When the instantaneous power reaches the desired
maximum power, the corresponding duty cycle 1s stored as
a maximum duty cycle. Thereafter, the duty cycle value 1s
limited to the maximum duty cycle.

Of note, although the methods described herein mvolve
target temperatures and duty cycle modifications and control
logic to provide the desired treatment and power delivery
characteristics, it 1s also contemplated that voltage control
modalities may be implemented with continuous wave
radiofrequency ablation devices. For example, in devices
where radiofrequency power delivery is substantially con-
stant (e.g., does not include off-periods of a duty cycle), the
voltage of the delivered power or signal can be set and
tallored depending on the measured and desired tempera-
tures, akin to that described herein with respect to duty cycle
modifications.

It will be appreciated by persons skilled 1n the art that the
present invention 1s not limited to what has been particularly
shown and described herein above. Of note, while certain
components, such as the various electrodes or other items
disclosed herein, are indicated as mapping, reference, and/or
recording electrodes, 1t 1s understood these are exemplary
functions that do not limit additional uses of the designated
clectrodes or components for alternative functions. In addi-
tion, unless mention was made above to the contrary, it
should be noted that all of the accompanying drawings are
not to scale. A variety of modifications and variations are
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possible 1 light of the above teachings without departing
from the scope and spirit of the invention, which 1s limited
only by the following claims.
What 15 claimed 1s:
1. A medical method, comprising:
advancing an ablation element of a medical device nto
contact with tissue to be treated;
supplying power from a power source to the ablation
element to ablate the tissue;
monitoring a temperature of the ablation element;
then determining a state of contact between the ablation
clement and the tissue based on the temperature of the
ablation element;
then, after a determination that the state of contact 1s that
continuous tissue contact has been lost, initiating a
reduction in the power supplied by the power source;
and
when the ablation element regains continuous tissue con-
tact; and
the state of regained continuous tissue contact has con-
tinued for at least three seconds, then mnitiating an
increase in the power supplied by the power source.
2. The medical method of claim 1, wherein the tissue to
be treated 1s cardiac tissue.
3. The medical method of claim 1, further comprising;:
selecting a desired temperature of the ablation element;
and
reducing the power to the ablation element when the
monitored temperature exceeds the desired tempera-
ture.
4. The medical method of claim 1, further comprising;:
selecting a maximum limit for the supplied power to the
ablation element:;
measuring the supplied power to the ablation element;
calculating the average power supplied to the ablation
element; and
limiting the average power to the maximum threshold.
5. The medical method of claim 4, further comprising
setting a maximum duty cycle equal to the current duty cycle
value when the supplied power 1s at least equal to the
maximum limit, and thereatter limiting the duty cycle value
to the maximum duty cycle.
6. A medical method, comprising:
advancing an electrode of a medical device into contact
with tissue to be treated;
delivering energy from an energy source to the electrode;
monitoring an instantaneous temperature of the electrode;
selecting a desired temperature and a threshold variation;
calculating an average temperature of the electrode during
the energy delivery to the electrode;
calculating a difference between the instantaneous elec-
trode temperature and the average electrode tempera-
ture;
calculating a continuity value by subtracting the ditler-
ence from the desired temperature;
determiming a state of contact between the electrode and
the tissue and assigning a contact status, the contact
status based on the continuity value and the threshold
variation, a contact status of continuous contact being
assigned when the continuity value 1s less than the
threshold varniation and a contact status of one of
intermittent contact and no contact being assigned
when the continuity value 1s greater than the threshold
variation;
initiating a reduction in the energy delivered by the energy
source when the contact status i1s one of intermittent
contact and no contact;:
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then re-evaluating contact between the electrode and the
tissue and re-assigning the contact status;
determining whether the contact status 1s continuous

contact; and

when the contact status 1s continuous contact and has been
continuous contact for at least three seconds, then
initiating an increase in the energy delivered by the
energy source.

7. The medical method of claim 6, wherein the threshold
variation 1s substantially equal to 5 degrees.

8. The medical method of claim 6, further comprising
selecting an increment, and calculating a reduction value by
multiplying the continuity value by the increment, wherein
reducing the desired temperature 1s performed by subtract-
ing the reduction value from the desired temperature.

9. The medical method of claim 8, wherein the increment
1s substantially equal to 1 degree.

10. The medical method of claim 7, wherein the medical
device has a plurality of electrodes, and wherein monitoring,
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delivering, calculating, and reducing are performed indi-
vidually with respect to each electrode.

11. A medical method, comprising;

advancing an electrode of a medical device into contact
with tissue to be treated;

monitoring a temperature of the electrode;

selecting a desired temperature and a threshold value;

delivering energy from an energy source at a duty cycle
value to the electrode:

setting a duty cycle limit equal to an 1mtial duty cycle
value;

limiting the energy to a maximum of the duty cycle limit
when the threshold value exceeds the temperature; and

after the temperature has exceeded the threshold value
continuously for at least three seconds, then increasing,
the duty cycle limat.

12. The medical method of claim 11, wherein the thresh-

old value 1s substantially equal to 50 degrees.
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